18 O and deuterium isotopes were found in the rainfall water of Islamabad, Pakistan, over a 15-year period (1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006). The data were obtained from the International Atomic Energy Agency/Global Network of Isotopes in Precipitation (IAEA/GNIP) database, and statistical correlations were investigated. In particular, this study provides the first detailed analysis of GNIP data for Islamabad. Both dry (1999)(2000) and wet years (1994, 1997, and 2000) were chosen to investigate the correlations between precipitation amount, vapor flux, and temperature. We observed obvious differences between the dry and wet years and among seasons as well. Long-term features in the isotope composition agreed with the global meteorological water line, whereas short-term values followed rainfall amounts; that is, a total of 72% of the precipitation's isotopic signature was dependent on the rainfall amount, and temperature controlled 73% of the isotopic features during October to May. The lower d-excess values were attributed to conditions during the spring season and a secondary evaporation boost during dry years; precipitation originating from the Mediterranean Sea showed high d-excess values. Overall, the results of this study contribute to the understanding of precipitation variations and their association with water vapor transport over Islamabad, Pakistan.
Introduction
Monsoons and western disturbances are the most significant features of the South Asian climate, and both prevail prominently in the southern Himalayas. Islamabad, which is located in the foothills of the lesser Himalayas, receives rainfall from both of these phenomena, and it is representative of the northern high-rainfall region of Pakistan. The monsoon season involves the seasonal reversal of wind direction; this phenomenon transports water widely on a mesoscale and is an important carrier of precipitation over South Asia [1] The main sources of South Asian atmospheric moisture are the Bay of Bengal and the Arabian Sea, as moist low-level warm winds carry moisture into hotter inland areas [2] .
The agriculture based economy of this region is vulnerable to interannual and seasonal monsoon oscillations, and floods and droughts occur in Pakistan following the migration of the monsoon trough.
The relationship between hydrogen and oxygen isotopes in water has been investigated by many researchers [3] [4] [5] [6] [7] [8] [9] and recognized as a complete discipline of hydrological science [10] . The meteoric water line ( D = 8
18 O + 10), as expressed by Craig [4] , is a globally accepted scale for measuring isotopic deviations in rainfall water. The conservative nature of water isotopes makes them effective tracers of atmospheric moisture origins and circulation. Distribution patterns and variability of atmospheric circulation have a considerable 2 Advances in Meteorology effect on the isotopic features of precipitation, as well as meteorological parameters such as rainfall amount, temperature, and soil and atmospheric moisture. A remarkable number of studies have been carried out using environmental isotopes in Europe and North America, but studies from South Asia are rare. Datta et al. [11] revealed significant temporal variations in isotopic precipitation features for Delhi, and Sengupta and Sarkar [12] confirmed with isotopes that the Bay of Bengal and the Arabian Sea act as moisture sources for the subcontinent.
There are currently no studies on the different temporal variations, trends, and moisture sources for rain water in Pakistan from an isotopic perspective. The International Atomic Energy Agency/Global Network of Isotopes in Precipitation (IAEA/GNIP) is the world's largest project on isotopic hydrology, and its main database [13] is used globally to study isotopes in rainfall water; however, Pakistan has only one GNIP station at Islamabad. Although the GNIP does not provide data at a high enough resolution to determine all the controlling dynamics of isotope signatures in this region, we were able to obtain 15 years (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) of precipitation isotope data and use it to investigate the controlling factors and isotopic compositions of rainfall water in Islamabad. Therefore, this study provides the first detailed analysis of GNIP data for Islamabad, with a focus on precipitation controlling factors, sources, and variations on different temporal scales. Our results have the potential to enhance understanding of the temporal variation and sources of precipitation for Pakistan, Islamabad.
Study Area
Meso-and microscale convective phenomena are the result of low temperatures over the tropics. The border of Pakistan is defined by latitudes of 23 ∘ 35 N-37 ∘ 05 N and longitudes of 60
∘ 50 E-77 ∘ 50 E, which falls within the extra tropics that demarcate the limits of easterly wind patterns in South Asia. Much of Pakistan is covered by arid to semiarid regions, excluding the humid belt along the southern foothills of the Himalayas [14] . The northern region of South Asia receives more precipitation due to the orographic uplift of the Himalayas [15] . This investigation has focused on Islamabad, which lies in the foothills of the lesser Himalayas (Margalla Hills). Air masses shed moisture on the windward side because of the influence of orographic uplift, which in this case involves the perpendicular interaction of a southerly wind with the inverted "V" shape valley in the foothills of the southern Himalayas during favorable environmental conditions [16] . In spring season, northwestern westerlies bring low amounts of moisture from the elevated lands of Iran and Afghanistan over the northern part of South Asia (Islamabad) (Figure 1 ). Continuous transport of moist air from the Arabian Sea and the Bay of Bengal causes moisture to accumulate along the southern Himalayas during the summer monsoon. The underlying summer rainfall phenomenon over Pakistan involves the incursion of southwesterly winds from the Arabian Sea and the monsoon depression, which often forms in the northern Bay of Bengal and occasionally over the northern Arabian Sea within the monsoon trough. Northward migration of the monsoon trough is the cause of meteorological floods such as those seen in 2001 [16] and 2010 [17] , and this brings heavy rainfall over the southern Himalayas. The northern Bay of Bengal and the western subcontinent provide the eastern and western limits for the monsoon trough, respectively. The monsoon onset (cyclonic storms in the Arabian Sea) reaches Pakistan after mid-June, about a month after it prevails over Western Ghats (India). Uplifting of lower tropospheric tropical moist air embedded under the cold air of a westerly creates highly unstable atmospheric conditions that can lead to extreme precipitation events.
Western disturbances originating from the Mediterranean Sea and the Atlantic Ocean are the main carriers of precipitation in winter. Notable rainfall is carried to the northern area (Islamabad) of Pakistan after following a path over inland Asia. In the southern Himalayas [18] , western disturbances moving in the opposite direction to the summer monsoon contribute to the generation of the "monsoon break" by pushing the monsoon trough towards the Himalayas and attracting more precipitation with the resulting intensified surface low. The "active" and "break" monsoon phases are opposites in a dipole system that occurs more frequently during extreme climate phases. A high level of rainfall occurs in the humid northern region of Pakistan, whereas the southwestern and central parts of Baluchistan and the northwestern parts of Sindh remain dry for more than 50% of the time; these regions are highly vulnerable to drought [19] . The onset of the summer monsoon typically begins on 1 June with rainfall over Kerala, southwest India, where the Bay of Bengal branch reaches over the western Himalayas while passing through the Indo-Gangetic Plain in between the Himalaya and Deccan plateau. A high mean temperature prevails in the southern part of the country, which is dry compared with the northern half.
According to the Köppen-Geiger classification [20] , Islamabad's hot, humid summers and generally mild winters place it in the moderate seasonality (CWA) category. Annual mean temperatures and precipitation are 21.3 ∘ C and 1201 mm, respectively, and these values typically vary by 30 ∘ C and 330 mm, respectively, which is indicative of a temperate climate. Islamabad experiences clear seasonality with four distinct seasons: spring (March-May), summer (June-August), autumn (September-November), and winter (DecemberFebruary), and each season has an almost unique water vapor circulation pattern (Figure 2 ). High temperatures, dry air, and dust storms jointly shape the spring season (premonsoon), which is usually dominated by drought. During the summer monsoon, sufficient rainfall decreases the effects of scorching sun, but the high air relative humidity rate increases the perceived temperature.
In general, precipitation follows temperature changes (Figure 1 ), except in spring, which is when enriched isotope values were observed. To some extent, the ENSO (El Niño Southern Oscillation) affects seasonal rainfall in Pakistan, as precipitation increases in the north and shifts westward [19] . The increasing amount of precipitation with the onset of the summer monsoon will exacerbate annual and seasonal 10 hours, which was the highest recorded rainfall in a 24-hour period over the past 100 years [16] . The most severe national-scale droughts over the last 100 years occurred in 1999 and 2000 [16, 21] .
Materials and Statistical Procedures
For this investigation, daily meteorological data (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) were provided by the Pakistan Metrological Department. These meteorological data were statistically correlated with precipitation isotope data for Islamabad, which was obtained from the IAEA/GNIP database (http://www.univie.ac.at/ cartography/project2/wiser/index.php). To determine the possible sources of rainfall for Islamabad, we used the hybrid Single-Particle Lagrangian Integrated Trajectories (HYSPLIT) ARL trajectory tool database of the National Oceanic and Atmospheric Administration, NOAA (http://www.arl.noaa .gov/ready/hysplit4.html). Weekly trajectories were computed for 300, 600, 850, and 900 hpa because the rainfall was assumed to have come from these altitudes to catch the two main precipitation systems, that is, summer monsoon and western disturbances. Data for both dry (1999, 2000) [16, 21] and wet (1994, 1997, and 2001) years were determined on the basis of climatological annual rainfall amounts. The monthly geopotential height, winds, and specific humidity at the corresponding pressure levels were obtained from the National Centre for Environmental Prediction-National Centre for Atmospheric Research (NCEP-NCAR) reanalysis 
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Results and Discussion
Relationships of the Meteorological Parameters and
Water (Figure 3 ). This relationship resembles that found for rainfall water at a Northern Hemisphere continental station by Dansgaard ( D = 8.1
18 O + 11) [24] , though the results deviated slightly from the global meteoric water line (GMWL) ( D = 8 18 O + 10). The local meteoric water line (LMWL) of Islamabad has a slope less than 8, which is presumably influenced by its location (the continental effect), and only a few data points were located above the GMWL, possibly as a result of moisture recycling. In general, most of the data plotted below the GMWL, and these data were likely affected by increased evaporation loss. Most of the stable isotope values were along the GMWL, which is indicative of condensation processes involving Rayleigh distillation [4] . The data showed strong seasonality, and inland behavior of 18 O and D values displayed dispersal patterns with the increasing temporal resolution. The back trajectories (Figure 4 ), which are only approximations of the general air mass origins of our study area, changed with respect to time; these data helped us to understand how precipitation sources affected the stable isotope composition of the rainfall water.
Specifically, in winter, the Mediterranean Sea air masses have to travel a long distance inland to reach Islamabad compared to the air masses in summer originating from Indian Ocean. Long distance travel with low temperature makes the winter precipitation more depleted (Figure 7) . Input from these air masses results in kinetic fractionation marked by the specific sources of water vapor. In summer, the air masses come from the warm and humid Indian Ocean, and, in this region, there is massive Himalayan river input into the Bay of Bengal. The river water input signal became visible during the months of August and September in the analyzed dataset, as indicated by the depleted stable isotope values [25] (Figure 6 ). Furthermore, cyclones in the Bay of Bengal are more frequent than in the Arabian Sea, which facilitates this region's large contributions to the rainfall over northern Pakistan [26] . Gat et al. [27] revealed that lower relative humidity and more evident kinetic isotope fractionation Advances in Meteorology 5 [10, 28] . Deuterium excess offers another opportunity to investigate the vapor sources. Notably, winter precipitation of Islamabad comes from the Mediterranean Sea, which has a high d-excess value, thus confirming the results of Gat et al. [27] , who used such data to depict distinct conditions of vapor formation and additions of inland water sources during passage through inland Asia. The humid Indian Ocean air masses reach Islamabad along two different paths (Figure 4) . The first path [1] involves air masses that originate from the Arabian Sea and travel over central India; the second path [2] involves air masses that travel along the southern Himalayas from the Bay of Bengal. The warm and humid surroundings of the Indian Ocean are the main cause for the lower dexcess values during the summer monsoon. The precipitation amount with d-excess is plotted in Figure 13 . Overall, we have found that the wet years have higher d-excess values than dry years, thus confirming that secondary evaporation took place either below the clouds or within the sampling device.
Correlation between Meteorological Parameters and
18 O. Dansgaard [24] and Rozanski et al. [29] found a strong inverse relation between the rainfall amount and 18 O in tropical regions. This relation varied with respect to the time series and local precipitation pattern.
The data shown in Figure 6 could not explain the trends during the months of January and February, where 18 O values were more depleted than those in August, thus indicating that the rainfall amount is not the sole controlling factor of 18 O in the study region. Local climate variations are often interpreted in terms of temperature or precipitation amounts via paleoclimate proxies of stable isotopes [24] . Temperature is the key controlling parameter of 18 O (Table 1) showing the highest correlation ( 2 = 0.59) on annual scale. Figure 7 shows the long-term monthly 18 O and temperature explaining the most depleted 18 O in the months of January and February following the lowest temperature and from October to May 73% of 18 O is defined by temperature. 18 O enrichment of precipitation during hot and dry atmospheric conditions prevailed during the premonsoon period, which is when there is high evaporation of falling raindrops, and the highest enriched 18 O value (41.41) was observed in June 2006 when the monsoon onset was delayed.
The relative humidity continuously increased from June to August, and intense and frequent rainfall events slightly decreased the temperature, which means that a secondary evaporation factor could decrease during this time. Additionally, August is the peak month of precipitation from the relatively depleted Bay of Bengal [25] cyclones, and this region contributes more precipitation than the Arabian Sea branch. Hence, the resultant 18 O values were further depleted in August.
Temporal Signature of Stable Isotopes.
The reversal of wind following the migration of the Intertropical Convergence Zone is known as the South Asian monsoon. The seasonality in Islamabad from this phenomenon can be clearly seen in the stable isotope composition. The seasonal enrichment of 18 O and D increased in the following way: summer < autumn < winter < spring (Figure 8 ). Seasonal variations were prominent in the monthly isotopic composition data. The nature of South Asian precipitation has been highly dynamic; it has changed on daily to decade long scales in the past and an increasing number of extreme events have been recorded [30] . Besides the monthly and seasonal signals, the stable isotope data also reflect differences between wet and dry years ( Table 2 ). The period 1999-2000 was associated with the worst country level drought in the history of Pakistan [16, 21] . As we have found, the correlation coefficient between rainfall water and 18 O was 2 = 0.72 ( Figure 5 ). Rainfall water 18 O of Islamabad clearly showed large differences between the wet and dry years ( Figure 9) , and, to illustrate these differences (Figure 10 ), we have calculated the composite water vapor flux on a seasonal scale for these two years because South Asia experiences a peculiar reversal of the seasonal wind direction, as discussed earlier. We observed anomalous behavior of the water vapor flux in all seasons as the drought was captured on the annual scale, and differences were noted in the pre-, post-, and within-monsoon seasons. remained at levels up to 4 in June and July, which suggests that there was a failure of the summer monsoon. In contrast, 18 O values were as low as −6 for the same months during wet years ( Figure 9) . A strong La Nino event prevailed during 1999-2000, which had severe effects over America, East Asia, and even Bangladesh; its effect on Pakistan was diminished by the prevailing drought [16, 21] . The autumn season represents the time between the withdrawal of the summer monsoon and the initial stage of western disturbances where the overall water vapor flow pattern is from western Asia to Pakistan. In Figure 10(d) , the water vapor traveling towards northeast Pakistan from the Indian Ocean is a prominent feature. The 95% confidence levels of water vapor fluxes were used to rectify the monthly weighted mean of rainfall water isotopes for dry and wet years in Figure 11 , although the correlation Advances in Meteorology coefficient in wet years was not statistically significant at the 0.5% level (Figure 11 ). The enrichment and depletion patterns of dry and wet years were distinctive in both Figures 9 and  10 , which confirm the potential of stable isotopes to capture metrological events effectively.
d-Excess in Rainfall Water of Islamabad. Deuterium excess is defined as
, and it was +10 in the so-called GMWL [4] , thus suggesting that evaporation from continental water bodies at low humidity can produce a vapor mass with a high d-excess [5] . Gat et al. [27] revealed that lower relative humidity and more evident kinetic isotope fractionation during evaporation from close basins like the Mediterranean Sea are associated with higher d-excess. Consequently, vapor originating from continental basins can alter the original oceanic signatures [10, 28] . Deuterium excess offers another opportunity to investigate the vapor sources. Notably, winter precipitation of Islamabad comes from the Mediterranean Sea, which has a high d-excess value, thus confirming the results of Gat et al. [27] , who used such data to depict distinct conditions of vapor formation and additions of inland water sources during passage through inland Asia. Both pre-and postmonsoon (spring, autumn) time periods showed declining trends, but spring was associated with lower d-excess values than autumn because the relative humidity in Islamabad decreases continuously from January to May (Figure 12 ). Secondly, dry and warm spring seasons boost the reevaporation of lighter molecules ( 2 H 1 H 16 O) from raindrops with an average excess of 10 per mil increase in the deuterium excess of precipitation. More than 70% of the rainfall occurs during the southwest monsoon, and, in summer, the humid Indian Ocean air masses reach Islamabad along two different paths (Figure 4) . The first path [1] involves air masses that originate from the Arabian Sea and travel over central India; the second path [2] involves air masses that travel along the southern Himalayas from the Bay of Bengal. The warm and humid surroundings of the Indian Ocean are the main cause for the lower d-excess values during the summer monsoon. Plotting the precipitation amount with d-excess (Figure 13 ), it can be seen that low precipitation amounts have variable d-excess values, and low precipitation amount events usually occur during the nonmonsoon season. Secondary evaporation takes place mainly during dry and warm conditions [10, 31] , which are more evident in dry years; even the rainfall event of more than 100 mm had a d-excess value lower than 10. Overall, we have found that the wet years have higher d-excess values than dry years, thus confirming that secondary evaporation took place either below the clouds or within the sampling device.
Discussion. As mentioned earlier, Pakistan falls in South
Asian summer monsoon region and has semiarid to arid climatic condition except the narrow wet belt of lesser Southern Himalaya experiencing both southwest monsoon and western disturbances, including Islamabad. Temperate climatic condition, orographic effect, and seasonality along with multimoisture source bring the peculiar temporal distribution of rainfall water stable isotopes throughout the investigation period. We could not understand the water regime of Pakistan efficiently by only single GNIP station. The nearest GNIP station is in New Delhi representing the Indian monsoon region, where temperature continuously increases from January to May along with decreasing relative humidity [11] . The kinetic fractionation of the falling raindrops caused by the dry air and increasing temperature eventually leads to the gradual decrease in d-excess from January to May. In contrast, at Islamabad, the d-excess is increased from January to March, winter moisture originates from higher d-excess Mediterranean Sea and inland Asia [27] , and long distance allows for enhanced Rayleigh distillation during transport to Islamabad. The most plausible explanation is that, due to the low ambient temperature and comparatively high relative humidity (Figures 7 and 14) , the inland and secondary evaporation was absent, which masks the decrease of the dexcess. It has seen that reasonable high ambient temperature along with low humidity attributes the local water cycle and below cloud and inland evaporation is at peak, May and June leading the monthly least d-excess and highest 18 O in May. The available data are insufficient to explain the slight increase of d-excess value in June; soil moisture and inland water bodies are not at good level except for Mangla and Tarbela dams (Pakistan's two largest dams) close to Islamabad; feed by alpine glacier melting (high d-excess vapor) may be the dominating moisture source of the local water cycle. d-excess value is almost +10 during the whole summer monsoon indicating the single moisture source (Bay of Bengal and Arabian Sea). Normally, in the second week of September, summer monsoon withdraws from Islamabad so we can see the increasing d-excess from the second week of September to the 1st week of November referring to local water cycle. Continental evaporation can produce high dexcess water vapor, speculation about the higher d-excess values of October and November and it starts to decrease in December due to low temperature. Winter moisture comes from the Mediterranean Sea and comparatively high latitude cold inland Asia to low temperature and high relative humid Islamabad makes the most depleted 18 O value of January and February. Though the rainout effect should be more intense at New Delhi air mass during these months, the precipitation at Islamabad had more negative 18 O which may be the influence of higher ambient temperature. At Islamabad 18 O is continuously increasing from January to May following the temperature and decreasing relative humidity.
Western disturbance withdrawal accompanied with dry and hot continental water vapor abruptly increases (about 7‰) 18 O in March to May next to less monthly rainfall amount. 18 O is gradually decreased from May to August showing the total depletion of 6‰; correspondingly, rainfall increases and reached a maximum in July ( Figure 6 ); it shows a month delay between the rainfall and 18 O zenith. Empirical "amount effect" can explain 18 O depletion but would not explain the delay factor, suggesting the contribution of other factors to further depletion of precipitation at our site, although we have found "amount effect" as a dominant factor in dry and wet years for short period (Figure 9 ), for annual long-term period temperature is the most dominant factor controlling 18 O ( Table 2 ).
The isotopes depleted rivers discharge is at peak in July and August both in Arabian Sea [32] and Bay of Bengal [33] which would affect the isotopic ratio of surface water and after mid-August the major part of vapor comes from Bay of Bengal and relatively long distance from our site enhances the "continental effect." The movement of cyclonic disturbance location in Bay of Bengal from 20N to 15N caused more faction of moisture on long way which would make more depleted vapor due to possible rainout effect [12] . Central India (Chhattisgarh, Madhya Pradesh, and Haryana) receives more precipitation in August than in July which may enhance the rainout effect on August precipitation of Islamabad.
The heaviest rainfall event ( 18 O −4.08, D −28.65) of the last century [16] could not be explained by available data. The stronger Bay of Bengal storm and arrival of water vapor from South China Sea bring about more depleted precipitation to Islamabad during wet years reflecting the continental effect; these are weaker or negligible during dry years ultimately nearer to Arabian Sea which brings comparatively enriched water vapor to our site. The significant change of 18 O after mid-September with decreasing rainfall amount and intensity would be the recycle of previous months rainfall and change in moisture source from marine to continent, which is caused by shifting of southwest monsoon. After midNovember, temperature goes down and hit a minimum value in January along with the arrival of western disturbances which makes the most depleted 18 O. Unfortunately, we have only one station piece of data which may limit our results to represent the accurate situation.
Conclusion and Future Work
The first detailed interpretation of 15 years (1992-2006) of IAEA/GNIP data and meteorological data for Islamabad representing the narrow humid belt of Pakistan shows that the LMWL D = 7.89
18 O + 11.05 and the d-excess varied from −20 to 32. A total of 72% of the annual precipitation's isotopic signature was dependent on the rainfall amount, and temperature controlled 73% of the isotopic features during October to May.
Long-term annual multicorrelations show 60% of 18 O directly related to temperature; on the other hand, 48% and 50% of 18 O were inversely indirectly related to precipitation and humidity correspondingly. It can be concluded that longterm trend of rainfall water isotopes for Islamabad is in agreement with the so-called GMWL, but large differences were found between wet and dry years and among the different seasons. Warm and humid conditions associated with the Indian Ocean result in isotopes enriched water vapor, and secondary evaporation was more apparent during dry years, although some influence was apparent from depleted Himalayan river inflow entering the northern Bay of Bengal. In wet years, the South China Sea and Bay of Bengal branch brought more precipitation to the southwestern Himalayas (Islamabad) leading to depleted isotopes value. Unfortunately, the current coverage of the IAEA/GNIP database in Pakistan is incomplete [34] . Most enriched and depleted 18 O values were found in June 2006 due to hot and the least rainfall and August 1995 following above-normal and convective rainfall. Spatial and temporal limitations of data are the main constraint to explain the unusual precipitation events as last century's heaviest rainfall event occurred on 23 July 2001 [16] . Additional large-scale spatial and temporal investigations of the rainfall water isotope composition for Pakistan are crucial in order to determine the sources and controlling factors of precipitation. Such information would enhance understanding of the regime of water cycle and controlling factors.
